ABSTRACT The dynamic response of the pitch angle slows down when the pitch actuator of wind turbines fails, and the fault leads to fluctuations in the generator speed and in the output power. According to identification and analytical theories, a fault-tolerant control combined with fault estimation is proposed to solve this problem. The simplified two-order transform function of the pitch actuator is transformed into the identification equation by means of the Euler transformation method. Next, the time-varying natural frequency and the damping ratio of pitch actuators are regarded as gradual change and abrupt change parameters; these two parameters are estimated using the proposed sliding data window least squares-based iterative (SDW-LSI) identification algorithm. The sliding data window length is adjusted when changes in the system parameters are detected. Then, according to analytical theory, a compensation equation is derived in the pitch actuator, and the estimated values are fed back to the compensation module to adjust the relations before and after fault occurrences in the pitch actuator to eliminate the effects caused by the pitch actuator failure. Finally, the feasibility of the SDW-LSI algorithm is validated by choosing the fault of high air content in the hydraulic oil.
I. INTRODUCTION
As a clean source of energy, wind energy is gaining increasing attention [1] , [2] . However, wind turbines are generally situated in harsh environments. A larger number of accidents have been reported in such locations [3] - [5] ; thus, requirements for operational safety and stability are increasing. Furthermore, unplanned maintenance is costly. One way of solving the problem is to use a more refined control system to optimally balance the load reduction and the power generation [6] . Therefore, a fault-tolerant control (FTC) system could keep the wind turbine connected despite the presence of faults. Through the FTC method, the control law or the control structure is adjusted to eliminate the influence caused by the failure of some fault to meet the desired properties [7] , [8] . An essential part of the active FTC system is the implementation of a fault-diagnosis system [9] , which detects the failure of wind turbine components in real-time and feeds the fault information back to the control center in a timely manner to avoid further loss.
When the wind speed is higher than the rated value and is lower than the cut-out value, the control objective is to maintain the wind turbine power at a rated level, which could be achieved by regulating the pitch angle of the wind turbine [10] . As the wind speed is a stochastic input, the pitch angle of wind turbines must be adjusted with wind speed. This condition requires for the pitch actuator to have a faster response speed [11] . When the pitch actuator fails, the dynamic response of the pitch angle slows down or the pitch angle cannot be adjusted only if the actuator fails completely; therefore, the timely estimation and disposal of the pitch actuator fault are required. Different methods have been proposed to solve for this problem. In [12] , a fault tree model of hydraulic pitch systems was established through the analysis of the fault symptoms set. Then, a fault estimation method was carried out by combining qualitative and quantitative analysis to estimate hydraulic leakage fault. In [13] , an adaptive filter was designed to estimate the actuator failure based on nonlinear geometric theory. Then, a fault-tolerant control method was implemented by switching between the actual power coefficient and the estimated power coefficient. In [14] , a disturbance compensator was introduced to estimate the faults of the pitch actuator, and the discrete time controller was designed to obtain an FTC goal. Then, the different faults of the pitch actuator were adopted to verify the effectiveness of the proposed method. In [15] and [16] , the wind turbine and enhanced benchmark models for FDI and FTC were proposed. In [17] and [18] , the benchmark model was described in detail together with the description and evaluation of some proposed solutions to the FDI and FTC problems, which were made for an international competition. In [19] and [20] , an FTC method in the linear parameter varying system was proposed to handle the fault involving high air content in hydraulic oil for the pitch system, and the divergence problem of the output power was solved. In [21] , a signal correction method that was developed from the fuzzy modeling method and the identification technique was put forward. Only the input and the output signals of the controller were corrected based on the fault signal. These proposed methods can effectively handle the pitch system faults. However, only the abrupt change of parameters in the pitch actuator was considered as parameters of the natural frequency and the damping ratio in the pitch actuator are timevarying parameters. The fault of time-varying parameters will also arise. Therefore, two kinds of faults in the pitch actuator must be considered.
As the pitch system is considered as a second-order transfer function [22] , some parameters in the pitch system change when the hydraulic pitch system fails. If a reliable wind turbine model can be identified from a data batch, a fault can be represented as a slowly varying parameter that has a constant value in the data batch. A different value of this unknown parameter results in the identification of a different model description from the data batch. Then, the system identification method can be used to estimate the changing parameters [23] . Therefore, the fault estimation problem can be converted to the parameter estimation issue. In [24] , a novel fault diagnosis method that uses subspace identification and Kalman filter techniques was proposed to address the blade root moment sensor failure. The natural frequency and the damping ratio are time-varying parameters. The forgetting factor method can be adopted to overcome data saturation and to estimate time-varying parameters, but the selection of a forgetting factor is not fixed [25] , [26] . When the forgetting factor is large, the algorithm converges slowly; when the forgetting factor is small, the algorithm produces large estimation errors [27] . To fix the forgetting factor, variable forgetting factor identification algorithms were proposed [28] - [31] . The problem in which the changing conditions of the forgetting factor are difficult to obtain exists. To achieve real-time parameter estimation, we need to reduce the effects of the old data and make full use of the information in the new data [32] . Thus, a sliding data window least squares-based iterative (SDW-LSI) identification algorithm is proposed, which can address time-varying parameters and estimate the noise by using the dynamic data in the sliding data window. The sliding data window is adjusted when changes in system parameters are detected. The data window adjustment time is obtained by introducing a detection index. Different data lengths are obtained based on changes in timevarying parameters. A compensation function is derived to adjust the function relationship before and after the faults because the change of the parameters alters the function relationship of the system according to analytical redundancy theory [33] , By adjusting the parameters in the compensation function, which depends on the real-time estimation of the natural frequency and damping ratio, an FTC goal is achieved. The system's structure is changed, and the effects caused by the pitch actuator failure are eliminated.
The rest of this paper is structured as follows. Section II describes the pitch model of wind turbines and faults in the pitch system. Section III presents the SDW-LSI algorithm and the transformation of the two-order transfer function of the pitch actuator into the identification equation. Section IV provides an FTC strategy based on the parameter estimation. Section V verifies the effectiveness of the SDW-LSI algorithm by means of a simulation. Finally, Section VI summarizes the paper.
II. DESCRIPTION MODEL OF THE WIND TURBINE
The operation region of a wind energy conversation system is divided into two regions: the partial-and the full-load regions [34] . When the wind speed v r (t) is between the cut-in and the rated values, wind turbines are controlled to produce as much power as possible. This process is achieved by regulating the generator speed ω g (t) to track the optimal power coefficient curve C p (λ(t), β(t)), where λ(t) = Rω r (t)/v r (t) is the tip speed ratio, ω r (t) is the rotor speed, and R is the blade length. When the wind speed is higher than the rated value and is lower than the cut-out value, the control method that is adopted must ensure that the pitch angle β(t) is at its optimal value. Meanwhile, the generator torque T g (t) is controlled to change the aerodynamic torque T (t). As the captured wind energy is limited by the physical properties of the blades, the generator can provide a constant power output. Only the pitch system and the fault model are given below. The simulation model is found in [17] .
A. THE PITCH SYSTEM AND THE FAULT MODEL
The pitch system is composed of three independent pitch actuators, and each actuator is driven by an internal controller. The pitch system is a hydraulic system, described as [22] 
where β ref (s) is the reference to the pitch angle, ω n and ζ are the natural frequency and the damping ratio of the pitch actuator, respectively. Table 1 shows the values of parameters ω n and ζ in the fault and fault-free cases.
B. BASELINE CONTROL STRATEGY
The benchmark model consists of a torque controller and pitch controllers [22] . In the full-load region, a constant generator power is obtained under the action of the torque controller. Thus, the generator torque T g (t) is expressed:
where P r (t) is the reference power.
To help the torque controller in balancing the power output, avoid signi?cant load reduction, and maintain the rotor speed within the acceptable range, a collective pitch controller is adopted. The PI control has the generator speed ω g (t) as an input and the pitch set-point β ref (t) as an output [35] ,
where ω ng (t) is the nominal generator speed, K p is the proportional coefficient and K i is the integral coefficient integral. The collective pitch angle is obtained by averaging the measurement of three pitch angles.
III. SLIDING DATA WINDOW LEAST SQUARES-BASED ITERATIVE IDENTIFICATION ALGORITHM A. IDENTIFICATION MODEL OF THE PITCH SYSTEM
Faults in the pitch system change the values of ω n and ζ in (1), which is rewritten in the following form
By using the Euler transformation method in [36] , the discrete equations are obtained for use in fault estimation,
where T s is the sample time, u(t) = β ref (t) and y(t) = β(t) are chosen as the input and output, respectively. Considering the running noise v(t), the identification model is represented by the following functions
where
T is the information vector that consists of the system input-output
T is the estimated parameter vector, v(t) is the stochastic noise with zero mean with parameters a 1 , a 2 and b 2 are given by
As stated in [37] and [38] , any colored noise is generated by a filter that is driven by a white noise sequence. The effective wind speed is also treated as a colored noise at one operation point of a wind turbine system. Thus, the fault in the pitch system changes the values of ω n and ζ . The change can be regarded both as a gradual change and an abrupt change of the parameter, which is described as follows.
A gradual change in time t Gi can be represented by
where θ 0 is a normal parameter of the pitch actuator, r i , i = 1, · · · , p describes the change rate, and l(t − t Gi ), i = 1, · · · , p are the switching function at t Gi . An abrupt change in time t 0 can be described as
T is a constant vector that is selected in advance and represents the magnitude of the abrupt change. Other descriptions on these two kinds of faults are available [39] . This paper mainly considers the change of the aforementioned equation. Furthermore, the algorithm that is adopted does not depend on any particular pattern of parameter variation.
B. THE SDW-LSI ALGORITHM
Considering the system's latest p set of data, the stacked output vector Y (t), the accumulated information matrix (t) and the stacked white noise vector V (t) are defined as follows
. . .
Then Equation (8) is transformed into
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Taking into account that the accumulated information matrix T (t) contains immeasurable noise, the hierarchical identification principle was adopted to estimate the noisev(t). Next, the SDW-LSI algorithm for estimating θ is expressed aŝ
where k is the iteration number, p is the data window length and n a , n b and n d are the known orders. The data window changes over time to ensure that the characteristics of the identification algorithm track the time-varying parameters.
C. ADJUSTMENT OF THE WINDOW LENGTH
The length of the data window determines the merits of the algorithm. For the time-invariant parameters, the longer the window length, the higher the estimation accuracy. However, for the time-varying parameters, a longer window brings about a slower response to the change. Therefore, the window length should be regulated according to the time-varying parameters to obtain an accurate parameter estimation value.
To improve the tracking ability of parameters, the window length should be regulated when changes in system parameters are detected. For an abrupt change, the window length gradually expands and returns to its set length to obtain a stable state performance. When the parameter gradually changes, the window remains at an ideal shortened length relaying on the rate of parameter variation until the change is detected. The change detection method is relayed on the parameter estimation error. Here, the averaged parameter estimation in a sliding window of length p is defined as [40] ,
A decision for parameter change can be made if the detection index exceeds the following threshold [40] ,
≤ ρ θ change has ended.
where 0 < γ < 1 is the weighting factor which determines the relative weights placed on the instantaneous and the accumulative parameters estimation errors and ρ θ is a threshold given ahead. The window lengths at different situations are summarized in Table 2 :
IV. FAULT-TOLERANT CONTROL
The fault-tolerant control is generally regarded as a redundant control problem, that is, the redundant actuators or sensors can be used in a faulty situation. Two ways of including fault tolerance in the control loop exist [41] : by introducing auxiliary sensors/actuators (hardware redundancy) or by using the existing mathematical relationships that describe the system performance to compensate for the faults (analytical redundancy). Analytical redundancy attempts to exploit the redundancy that already exists in the system to correct the closed-loop performance. Two types of methods achieve this goal [42] : adjusting the controller parameters to achieve the same characteristic or adjusting the structure of the actuator and the sensor by adding a compensation module to compensate for the fault. Given a multivariable system with m inputs and n outputs as described by a transfer matrix G(q −1 ), and controlled by a controller K (q −1 ), the system is converted to G f (q −1 ) when the fault occurs, and a compensation module G c (q −1 ) is added to deal with the fault. Then the compensation module G c (q −1 ) can be obtained, if it satisfies
leading to the following conditions:
Equation (22) can be used to calculate the compensation elements g com k,j (q −1 ). g f i,k (q −1 ) is the faulty matrix. For a single-input single-output system, Equation (21) reduces to
Notice that looking at (24), the fault compensation strategy can be regarded as a type of exact model matching problem. Necessary and sufficient conditions for the existence of solu-
In case of the total failure of an actuator, Equation (24) cannot be satisfied, because it is impossible to recover the non-faulty transfer matrix using the compensation method. In this case, some additional action is required and it is useful to split the compensation matrix in two blocks:
) is the part of the compensation module that has the function of trying to reproduce the non-faulty system behavior, while G k c (q −1 ) is the part of the compensation module that redistributes the lost actuator control action on the redundant ones.
For example, we consider the following system with (m+1) inputs and n outputs:
where the first and the second input affect the outputs in the same way. Then, in case of faults, among which is the total loss of an actuator, for example, in the first case, the system transfer matrix changes to system transfer matrix changes to
and the resulting compensation module matrix becomes
Then Equation (22) may be written as
is the matrix obtained from the nominal system transfer matrix by considering the effect of the actuator total loss.
In view of the transfer function in (1), the natural frequency ω n and the damping ratio ζ is converted to ω nf and ζ f when these two types of fault occur. Then by adding a compensation module in the pitch system, the fault-tolerant method combined with the SDW-LSI algorithm is obtained and
Combined with (22) , the compensation module G c (q −1 ) is expressed as transfer function G(s). As shown in (31), ω n,f and ζ f need to be estimated online. Considering that the parameters change with time, the SDW-LSI algorithm was adopted to estimate the parameters online. Then the parameters estimated feedback to the compensation module to adjust ω nf and ζ f in (31) . Finally the whole faulttolerant scheme combined with the SDW-LSI algorithm is illustrated by the diagram in Figure 1 . 
V. SIMULATION ANALYSIS
The faults considered for the pitch actuator may be pump wear, hydraulic leakage, high air content in hydraulic oil, valve blockage, and pump blockage. The high air content in the hydraulic oil is a common fault in the pitch actuator that can disappear. The adjustment of the pitch angle can be affected by the fault for a long time in the pitch actuator. When this kind of fault appears, the natural frequency and the damping ratio decrease, thereby causing the dynamic characteristics of the pitch system to change. The pitch angle cannot quickly track the reference value. Furthermore, the generator speed and the output power can be affected. The fault of the high air content in the hydraulic oil can be regarded as an abrupt and a gradual change of the parameters. Another type of failure when the parameters change with time is presented in Table 1 . Only one failure occurs at the same time. The case of multiple failure types occurring simultaneously will not be discussed in this paper. Thus, the SDW-LSI algorithm was adopted to estimate the time-varying parameters in the pitch actuator. The 4.8 MV wind turbine model given by the KK Electronic Company was selected to verify the proposed algorithm. Table 3 describes the parameter value of the wind turbine [22] . The operating mechanism of the wind turbine in the highwind areas with a constant power output could be obtained by regulating the pitch angle. The simulation of the wind speed is shown in Figure 2 . To ensure that the pitch actuator works, the wind speed is chosen ranging from 18 m/s to 26 m/s. The simulation runs for 400 s, and two types of faults in the pitch actuator are considered: a gradual parameter change in 50 s to 100 s and an abrupt parameter change in 250 s to 300 s.
The SDW-LSI algorithm was adopted to estimate the changing parameters online when the pitch actuator fails.
Concurrently, the variable for obtaining the factor-recursive least squares (VFF-RLS) algorithm was introduced to illustrate the superiority of the SDW-LSI algorithm. During the operation, the natural frequency ω n and the damping ratio ζ are 11.11 and 0.6, respectively. The natural frequency changes at the rate of 0.1076 and the damping ratio changes at the rate of 0.003 during the period between 50 s and 100 s. Between 250 s and 300 s, the fault of the high air content in the hydraulic oil makes the natural frequency ω n and the damping ratio ζ alter to 5.73 rad/s and 0.45 rad/s, respectively. The estimates of ω n and ζ are obtained by using the SDW-LSI algorithm compared with the VFF-RLS algorithm, as shown in Figures 3 and 4 . The quick wind speed change requires the pitch actuator to have a fast response speed. The VFF-RLS algorithm can estimate the varying parameters, but the identification precision is very low and has a delay, thereby preventing the identification of the parameters from having feedback to quickly compensate for the module, which cannot achieve the purpose of the fault-tolerance control. The step response characteristics under different parameters were described in Section II-A. When the parameters in the pitch actuator change, the pitch angle changes accordingly. At the same time, the ability to track the reference value of the generator is degraded and even leads to large fluctuations in the output power and in the generator speed. The two kinds of faults can illustrate the effect of the pitch angle, the generator speed, and the output power.Between 50 s and 150 s, the fault of time-varying parameters occurs. Given that the rate of the parameter change is relatively slow, the response of the pitch actuator basically tracks the trends of the reference pitch angle. However, the effect has become deteriorated as shown in Figure 5 . Meanwhile, the generator speed has a small deviation and the output power has a small fluctuation as shown in Figures 7 and 9 . The fault of the high air content in the hydraulic oil appears between 250 s and 300 s. Considering that the change in the parameters is abrupt, the pitch actuator is unable to quickly track the reference pitch angle, resulting in an evident difference in the tracking curve and causing the output pitch angle oscillation, as shown in Figure 6 . The tracking ability of the generator speed becomes poor, and a large generator speed fluctuation occurs, as shown in Figure 8 . At the beginning of the fault occurrence, the output power has a large fluctuation; the faster the failure rate change, the higher the output power fluctuation, as depicted in Figures 9 and 10 . With the control of the generator speed, the maximum power output is gradually recovered. The fluctuation of the output power leads to changes in the grid voltage, even causing power grid paralysis. To resolve the problem caused by the parameter change, an active FTC method is introduced. Based on the estimated parameters in the pitch actuator when faults occur, the estimated parameters are fed back to the compensation module to eliminate the effect of actuator failures. The fault-tolerant strategy combined with the SDW-LSI algorithm adequately handles faults in the pitch actuator. The fluctuations of the pitch angle and the generator speed is eliminated accordingly; the system behavior (the pitch angle, the generator speed, and the output power) with active fault compensation is similar to the behavior of the fault-free case as shown in Figures 5 to 9 .
VI. CONCLUSIONS AND FUTURE WORK
The pitch actuator is responsible for adjusting the blade to obtain a constant output power at a high speed. Different faults in the pitch actuator caused by a bad running environment and random variation wind speed often occur.
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The fault-tolerant control strategy combined with the SDW-LSI algorithm is introduced to solve this problem. By analyzing the fault characteristics of the pitch system, the fault estimation problem is converted to a parameter estimation issue. Next, the fault of the high air content in the hydraulic oil is divided into two types of common fault: an abrupt change or a gradual change of parameters. The identification model is obtained using the Euler's theorem. To improve the accuracy of parameter identification, a sliding window strategy is introduced to estimate the parameters of ω n and ζ . Then, according to analytical redundancy theory, the estimated parameters are fed back to the compensation module to eliminate the fluctuation caused by the change in parameters. The wind turbine pitch actuator failure was solved using the proposed algorithm, but this study only involved a simulation experiment; further different simulation models and practice veri?cation are necessary. The next research task is to design an active FTC method to handle a variety of fault types appearing simultaneously.
